In this study, an integrated remote sensing and geophysical (aeromagnetic and geo-electric) methods was employed to assess the potential of groundwater in a basement complex terrain of Okene and its environs, Southwestern, Nigeria. Landsat imagery acquired over the study area was processed in the Geographic Information Systems (GIS) environment to delineate the surface lineaments, drainage networks and their orientations. Aeromagnetic data over the area were analyzed and its derivative maps were interpreted to further map the structures and the geology in the subsurface; depths to magnetic sources were determined using spectral analysis. Vertical Electrical Sounding (VES) of geo-electric method was interpreted to map the subsurface geology layers. The results of the integrated data were correlated with borehole yield data of the area for effective interpretation. Delineated lineaments from the azimuth, frequency plot showed dominant trends in the NE-SW and NNE-SSW directions. Radial average power spectrum revealed the depth to magnetic sources between 100 and 2500 m and the interpreted VES data characterized the area into three to four subsurface layers. In correlating the results with borehole yield data, the zones with high lineament density and low/negative magnetic anomaly were categorized as high groundwater potential zones while areas with low lineament density and high/positive magnetic anomaly as low groundwater potential zones. This study will guide efficiently subsequent groundwater drilling program in the study area.
Introduction
Groundwater is one of the most valuable natural resources on the earth surface and serves as one of the main sources of drinking water. The assessment and development of groundwater at both local and regional level requires multidisplinary approaches, with various data sources. Being a subsurface geological phenomenon with some surface evidences, both surface and subsurface approaches are necessary for its exploration, exploitation and management [1] . The surface approaches such as surface geological mapping, remote sensing data analysis, geomorphological and hydrological characteristics, lineament and structural identification plays important role in identifying probable zones for locating this all importance resource. The results of the direct surface methods are often followed up by subsurface probing methods such as hydrogeological geophysical and drilling techniques. Integration of these methods have been proven to provide rapid and cost effective mapping of ground water potential zones in most regions of the world. Apart from the application methods for exploring this resource, its availability depends on various geological factors such as rock types, existence of lineaments and structures suitable for accumulating the resources, hydrological and hydrogeological factors. All these are dependent on the type of geological terrains in consideration for the exploration. In typical basement complex areas such as the study area, the occurrence of groundwater in recoverable quantity as well as its circulation is controlled by geological factors i.e. faults, joints and fracture zones [2] [3] . The delineation of these features is very essential for better understanding of the subsurface geology of these areas in term of their groundwater potential. Therefore to target potential bedrock aquifers that can give copious supply of groundwater in these areas, the aforementioned geologic features must be intercepted by boreholes.
In Okene and its environs, the delineation of geologic features i.e. faults, joints and fracture zones of their low permeability rocks is thus a challenging task as numerous unsuccessful boreholes have been drilled within these areas. Meanwhile, their inhabitants depend solely on surface water from few available streams and hand dug wells for their domestic use, and such sources are highly vulnerable to pollution. Besides, the rapid population growth in the study area has also made these sources of water inadequate for its dwellers.
Integrated Landsat imagery and geophysical methods have been used for the investigation of groundwater in similar basement environment in Nigeria and elsewhere with remarkable success [4] - [7] . Remote sensing and airborne geophysical methods are used for the reason of their cost effectiveness, their ability to access difficult areas and because their data can be collected frequently and rapidly over large scale area. In addition, airborne geophysical methods can furnish broad composite images of the subsurface over large areas at relatively lower cost and higher speed. Therefore, in this work geophysical methods comprising aeromagnetic and electrical resistivity combined with remote sensing technique are used with the objectives of delineating structures/lineaments i.e. faults, fractures, joints/shear zones associated with the study area, determining their trend/pattern, drainage network, depth to magnetic sources and geoelectric parameters of subsurface layers in order to evaluate the study area groundwater potential.
The Study Area
The study area lies within latitude 7˚30'N to 8˚00'N and longitude 6˚E to 6˚30'E. It falls within the 1:100,000 standard topographic map of Kabba sheet 246 and is accessible by road from the north through Abuja the Federal Capital of Nigeria and the south through Kabba (Figure 1) . It has an annual rainfall of between 1100 mm and 1300 mm. The various streams and springs around the study area are seasonal in nature with a complex network of dendritic drainage pattern. The rivulets in the area are numerous and they empty into rivers Osse, Osara and Omyi located within. Its climate favours a forest savannah type of vegetation that consist of scattered trees and tall grass [8] .
Geology of Nigeria
The Geology of Nigeria according to Obaje [9] is made up of three major geological components ( Figure 2) ; 1) Basement Complex which is Precambrian in age (>+600 million years), 2) Younger Granites i.e. Jurassic (200 -145 million years) and 3) Sedimentary Basins i.e. Cretaceous to Recent (<145 million years). Nearly one half of the country is underlain by basement complex including the younger granite while the other half comprises of the sedimentary terrain [10] . The basement complex of Nigeria forms a part of the Pan-African mobile belt and lies between the West African and Congo cratons and south of the Tuareg shield [11] . It is intruded by the Mesozoic calc-alkaline ring complexes (younger granites) of the Jos plateau and is unconformably overlain by Cretaceous and younger sediments.
The Nigeria basement complex according to [12] - [14] consists of the following main groups of rocks: 1) Migmatite-Gneiss Complex (migmatites, gneisses, granite-gneisses), 2) Metasedimentary and Metavolcanic rocks (phylites, schists, pelites, quartzites, marbles, amphibolites), 3) Older Granites (granites, granodiorites, syenites, monzonites, gabbro, charnockites) and 4) Undeformed Acid and Basic Dykes (muscovite-, tourmaline-and beryl-bearing pegmatites, applites and syenite dykes; basaltic, doleritic and lampropyricdykes).
Geology Setting of Okene and Its Environs
The study area as shown in Figure 3 is located in the Precambrian basement rocks in which a migmatite-gneiss complex rock is associated with series of metasedimentary rocks and older granite. The dominant lithologic units in the study area are gneisses (which are regionally emplaced), ferruginous quartzites, granites and pegmatite [15] - [17] . 
Remote Sensing Data
The Landsat thematic mapper imagery LANDSAT 5-TM used for this study was downloaded with path 189 and row 055 of the year 2006 from the Global Land Cover Facility homepage [18] . The raw data were geo-referenced by applying the Universal Tranverse Marcator (UTM) and afterward subset with the coordinates of the topographic sheets i.e. Kabba sheet 246 that covers the study area.
Remote Sensing Data Processing and Analysis
Image processing, enhancement and spectral analysis were carried out on the LANDSAT 5-TM imagery using ILWIS 3.2 software. To obtain the resulting imagery in Figure 4 , the image enhancement operations performed include contrast stretching, spatial filtering i.e. edge detection and colour composite [19] - [21] . These were done to enhance sharpness of the satellite image for better visual clarification and to aid structural interpretation. Similarly, ArcGis 9.2 software was used to extract the lineaments and drainage network that covers the study area [22] (Figure 5(a) ) to produce a synthesis map (Figure 7) . Its interpretation shows that the drainage network in the study area is structurally controlled.
Aeromagnetic Data
The aeromagnetic data used in this study were acquired by Fugro airborne survey services for the Nigeria Geological Survey Agency. It has line spacing of 400 m and flight lines direction of NW-SE at terrain clearance of 152.4 m. Afterward the removal of the International Geomagnetic Reference Field (IGRF), the data were gridded using minimum curvature gridding method with 125 m cell size to produce the total magnetic intensity (TMI) map in Figure 8 .
The TMI map reveals the magnetic intensity distribution over the study area typified by low/negative and high/positive magnetic anomalies with values ranging from −119.37 to 179.46 nT. The map (Figure 8 ) was analyzed and interpreted in an attempt to delineate and characterize the subsurface structures in the area. The northeastern and southwestern parts of the study area are characterized by low magnetic field values and longer wavelength magnetic anomalies. According to [24] [25], a low/negative magnetic peak values in low latitude magnetic region (specifically around the equator of which Nigeria is situated) represent typical anomalous signatures for faults and fracture zones. Therefore these areas may probably indicate fractured/faulted basement rocks. And frequently, groundwater flow through aquifers is influenced by the location of such structures i.e. fractures/faults which act as channels for its flow and distribution.
Aeromagnetic Data Analysis and Interpretation
The total magnetic intensity (TMI) data were further analyzed to improve the quality of the magnetic data and enable easier identification of fault, fracture and contact features [26] - [28] that might control the study area groundwater accumulation and flow. The derivative maps produced from the TMI enhancement procedures include upward continuation, downward continuation and second order vertical derivative.
Upward Continuation
The upward continuation filter operation allows the transformation of potential field data measured on one surface to some higher surface [29] i.e. in the case of this study from flight height of 152.4 m to higher height of 500 m (Figure 9(a) ). This is expressed as;
where h is distance in ground units and r is wavenumber in radians/m. The operation was realizable because its procedure retains mostly longer wavelengths at higher observation level while short-wavelength anomalies due to small size near surface structures and/or effect of cultural features were not resolved [30] . The anomalies identified in the upward continuation derivative map (Figure 9(a) ) are representative of magnetic properties of deep basement rocks and structures in the area. Hence, those magnetic anomalies of Ego, Chokochoko and Ogale are possibly as a result of deep seated regional structure.
Downward Continuation
For easy identification of short wavelength anomalies, the total magnetic intensity (TMI) data were downward continued to 20 m (Figure 9(b) ). The process helps to maximize the response of formations and structures within the top few hundred meters of the crust, where groundwater reserves are concentrated. This filter is used with extreme caution as the shortest wavelengths and data noise are amplified exponentially [31] . Mathematically, it is given as;
The derivative map (Figure 9(b) ) shows the subtle short wavelength anomalies which are well pronounced when downward continued.
Vertical Derivative
The second vertical derivative map in Figure 9 (c) was obtained by applying vertical derivative filter on the total magnetic intensity (TMI) data. This map allowed easier recognition of high frequency anomalies (shallow sources) by removing series of deep anomalies represented by low frequency. It is expressed mathematically as;
where n is the order of differential i.e. in this case its value is 2 and r is wavenumber in radians/m. Its anomaly patterns and trends (Figure 9(c) ) and that of the downward continuation map (Figure 9(b) ) were compared and found to correlate with the lineaments patterns and orientations in Figure 5 (a) of the lineament map derived from the satellite imagery.
Spectral Analysis and Depth Estimation
The depth to top of geologic sources that produced the observed magnetic anomalies in the TMI map of the study area was determined using spectral analysis. In Figure 10 (a), the calculated 2-D spectrum of the TMI data of the study area show the magnetic data to vary in frequency between 9.663 to 22.152 Hz. Its radially average power spectrum has shown a normal plot (Figure 10(b) ) that has straight line segments which decreases in slope with increasing frequency. Radially averaged power spectra of magnetic data according to Blanco-Montenegro et al. [32] are expressed as function of wavenumber and are related to the depth to the bottom of the deepest magnetic source:
z t and z b are depths to top and bottom of the magnetic sources respectively, K is a function of wavenumber, which is expressed in radians per unit distance. From the depth estimate curve (Figure 10(b) ), the depths to the magnetic sources in the area ranged from 100 to 2500 m.
Electrical Resistivity Data
The critical idea of deploying electrical resistivity method of vertical electric sounding (VES) in this study was to delineate subsurface structures i.e. faults/fracture zones and being able to characterize subsurface layers. Noting that the weathered layer and weathered/fractured bedrock constitute the aquifer units in the study area, twenty four VES data with Schlumberger electrode configuration acquired from eight communities within the study area were interpreted and their sounding curves show three layer and four layer earth models. The three layers curves are characterized by H curve type while the four layers exhibits KH curve type. The H type is the most dominant curve type in the study area. The interpreted subsurface layers include the top soil, weathered layer (which are clayey in some locations), weathered/fractured basement and fresh basement. Considering the result of the VES interpretation as represented using Figure 11 , the thickness of the aquifer unit (weathered layer) varies enormously within the study area. Hence, it could be infer that the regions with greater thicknesses i.e. Ohakiti, Obangume and Ogaminana will yield more groundwater than the thin weathered regions i.e. Oduape and Osara.
Comparison of Results and Their Hydrological Implication
The satellite lineaments mapping, aeromagnetic intensity data analysis and interpretation of vertical electrical sounding results are known separately and collectively for their significant role in the delineation of potential sites for groundwater.
Comparing the synthesis map of lineaments/drainage network (Figure 7 ) and the total magnetic intensity (TMI) in Figure 8 (see Figure 12 ), the areas with high densities of lineament coincides majorly with low/negative magnetic anomalies. This implies that the low/negative magnetic anomaly zones in the southwest, northeast and a small area in the central and southeastern part of the study area are good groundwater potential zones. The lineaments and the magnetic anomalies apart from their correlation in spatial location were also identified to have similar trend i.e. mainly NE-SW. These trends are indication of the direction of the geologic structures causing the magnetic anomalies and the general groundwater flowing direction. Consequently it can be inferred that the hydrologic system of the study area has a regional geological influence.
In addition, the areas with high densities of lineament and low magnetic intensity values were observed to coincide with the locations having thick weathered layer from the VES interpreted result. Based on the results of remote sensing and aeromagnetic data analyses, towns within the study area were categorized into three broad groundwater potential zones namely; high, medium and low ( Table 1) . The high zones were grouped base on high lineament density and low magnetic anomaly; medium zones were established on average lineament density and relative low magnetic anomaly; and the low zones based on low lineament density and high magnetic anomaly. A groundwater potential map of the study area (Figure 13 ) was further generated with the aids of Table 1 and the borehole yield data ( Table 2) i.e. obtained in some localities within the study area.
Conclusions
The groundwater potential of the study area has been investigated successfully. Lineaments and drainage networks of the area were extracted and the azimuth-frequency plot of the lineaments shows dominant trends in the NE-SW and NNE-SSW directions.
The total magnetic intensity map (TMI) of the area was characterized by low/negative and high/positive magnetic anomalies. The TMI derivative maps i.e. upward/downward continuation and second order vertical Figure 11 . Bar chart plot of representative average weathered layer thickness of the study area generated from VES interpretation result. derivative allowed easier recognition of magnetic anomalies. The depth to magnetic sources in the area as determined from the magnetic interpretation range from 100 to 2500 m. The VES interpretation result delineates the area into three to four subsurface layers. The weathered layer and weathered/fractured bedrock constitute the aquifer units. In correlating all the results, the study area is categorized into three broad groundwater potential zones, namely high, medium and low groundwater potential zones.
